The early blastoderm of Drosophila is a syncytium in which about 6000 nuclei become localized in the peripheral cytoplasm. During cycle 14 interphase, a wave of membrane formation encircles each nucleus inside its own plasma membrane, thereby generating an intact epithelial layer. The details of this process of cellularization have been unclear. Using an improved method of fixation of the embryos for electron microscopy, we show by morphological observations that a large number of membrane-bounded, electrontransparent vesicles, of diameters ranging from 0.05 ,im to 0.5 ,um, are present in the periplasm and become redistributed during cellularization so as to provide the membrane mass required at each phase of the process. We recognize three phases. In the first two phases, the vesicles that were present in the apical periplasmic space at earlier stages become concentrated and aligned between the nuclei. The vesicles then undergo concerted but not precisely synchronous fusion to form double membranes, starting at furrows in the plasma membrane of the embryo and extending about 7 ,um into the periplasmic space. Subsequently, in the third phase vesicles are recruited to the basal periplasmic space but do not become aligned between the nuclei as in the first phase. We presume that these vesicles fuse individually with the growing ends of the double membranes until encirclement of each nucleus is complete. We speculate that these vesicles are all derived from the Golgi apparatus and are moved about in the blastoderm by interactions with components of the cytoskeleton.
The development of the early embryo of insects such as Drosophila is unusual in that the zygote undergoes a series of 14 nuclear divisions before any cellularization arises (except for the pole cells). The first 9 nuclear divisions occur rapidly in the interior of the embryo, after which most of the nuclei migrate to the periphery of the embryo where they divide more slowly another 5 times. The syncytial blastoderm then has about 6000 somatic nuclei organized in the peripheral periplasm underneath the plasma membrane. At this stage, during the interphase of cycle 14, a synchronized wave of membrane formation appears to descend into the periplasmic space, initiating at a hexagonal cytoskeletal cage surrounding each nucleus underneath furrows in the plasma membrane, and eventually encircling and compartmentalizing each nucleus. This membrane encirclement produces the cellular blastoderm. (For reviews, see refs. 1 and 2.)
The process of membrane formation during cellularization-e.g., the source of the membrane components, and the mechanisms underlying membrane formation-is not well understood. In large part, this stems from the fact that ultrastructural studies of the process by electron microscopy have been impeded by technical problems. In several previous studies (e.g., refs. 3 and 4) the impermeable vitelline layer of the dechorionated embryo was punctured once by a fine needle to permit entry of a water-soluble fixative into the space between the vitelline and plasma membranes. Permeation of the fixative through the plasma membrane then occurred, but the resultant fixation of the cytoplasmic contents was not reproducibly adequate in our hands. In a small but useful addition to this procedure, we have microinjected fixative through the puncture. The original periplasmic contents of the space between the punctured vitelline and intact plasma membranes were thus rapidly and uniformly displaced by fixative, which, after permeation of the plasma membrane, resulted in rapid and uniform fixation of the cytoplasmic contents. By virtue of this procedure, we believe that we have been able to visualize ultrastructural details of the cellularization process not previously described.
Our morphological results strongly suggest that the source of the membranes formed throughout cellularization consists predominantly of small intraembryonic membrane-bounded, electron-transparent vesicles, which are repositioned at several stages in the process to become fused with the forming membranes. Several consecutive phases in the continuous process of cellularization were observed and are described.
MATERIALS AND METHODS Drosophila embryos. Drosophila eggs were provided through the kindness of James Kadonaga, employing the detailed conditions and procedures described elsewhere (5) . In brief, collecting plates were kept in collecting chambers at 25°C for a half hour and then removed from the chambers but left at 25°C. The embryos were then sampled every half hour for 4 hr. They were then dechorionated in 50% sodium hypochlorite and fixed (see below), and specimens were prepared for electron microscopy. This procedure resulted in a collection of progressive developmental stages. Within the time interval after mitotic division 14 (2.5-3.5 hr), more precise ordering of the developmental sequence was based on morphological criteria such as nuclear positions and shapes and the state of membrane furrow formation as observed in the electron micrographs (3, 6) .
Fixation and Electron Microscopy. After dechorionation, Drosophila eggs and embryos were immobilized on doublesided tape and covered by a drop of fixative (mixture of 2% of glutaraldehyde and 2% paraformaldehyde in 0.15 M NaCl/0.01 M phosphate, pH 7.4). The viteiline membrane was gently punctured in the fluid-filled pockets (3, 4, 7) in the pole of the eggs by a fine micropipette, and then a small amount of fixative ("10 ,u) was injected into the pocket between the vitelline and plasma membranes. This process replaced the fluid in the space between the vitelline and plasma membranes with fixative, the excess fluids flowing out past the micropipette puncture. Eggs and embryos with such perforated vitelline membranes but intact plasma membranes were kept in fixative for another 5 hr. During (Table 1) , where they become lined up to a distance of about 7 ,um from the plasma membrane (Fig. 1B) . No marked furrowing of the plasma membrane is seen at this phase such as is observed shortly afterwards ( Fig. 1 C) . The vesicle concentration simultaneously markedly decreases in the apical periplasm directly above the nuclei and in the basal regions of the periplasm. The clear inference from these observations is that the vesicles present randomly throughout the periplasm just prior to phase I are somehow reorganized and recruited into a linear array situated between the nuclei at the beginning of cellularization.
(ii) Phase II (2.5-3 hr). By this phase, the nuclei were now elongated (Figs. 1 C-E), and uniformly positioned in the periplasmic space. Between the nuclei, double membranes are in the process of forming by the fusions of the lined-up vesicles. The partially formed membranes extend from furrows in the plasma membrane to a distance of about 7 ,tm into the periplasm at this time. Each forming double membrane is still connected at its basal end by an enlarged furrow canal situated about halfway down the length of the nuclei. Transparent vesicles are again accumulated in the apical periplasm above the nuclei (Fig. 1 C) (Fig. 1F) . Transparent vesicles are now almost entirely absent from the outermost layer of cells but are seen in the cells of the underlying layer.
Details at higher magnification. Membrane-bounded vesicles of various diameters line up during phase I ( Fig. 2A and B ) and undergo fusion (Fig. 2 C-F) to form a double membrane during phase II. The process of vesicle fusion appears to be concerted but not precisely synchronous. The double membrane not only grows and becomes more extended with time but appears to undergo a maturation process. Shortly after formation, the two membranes exhibit separations that are not uniform along their lengths (Fig. 2F ), but with time the two membranes become uniformly closely juxtaposed along their entire lengths.
Surface Membrane of the Blastoderm. At all stages prior to and during cellularization, the membrane surface of the developing blastoderm is relatively smooth and, in particular, does not exhibit any significant villous formations (Fig. 1A-E) . The surface furrows are transient structures that form between the nuclei and retract during different cycles of nuclear division in the periplasm. It is of interest that the lining up of the transparent vesicles between successive nuclei occurs at a time when there are no surface furrows ( Fig. 1B; Fig. 2A and  B) , which form only around the time that the vesicles are undergoing fusion (Fig. 1 C; Fig. 2 C and D) .
DISCUSSION
Cellularization of the syncytial blastoderm ofDrosophila melanogaster is a remarkable process involving a precisely staged and nearly synchronous growth of plasma membranes that completely envelop the nearly 6000 somatic nuclei that had previously been localized to the periphery of the embryo. In this highly organized series of events occurring during the interphase of cycle 14 and requiring -1 hr, an intact cellular epithelium of the blastoderm is generated from the syncytium. The nature of this process of membrane formation has been unclear. Our electron microscopic results demonstrate, however, that these membranes form by the concerted and successive fusions of numerous preformed intraembryonic vesicles that are recruited to and within the appropriate regions of Developmental Biology: Loncar and Singer the periplasm. These membrane-bounded vesicles are highly electron-transparent and range from 0.05 ,um to 0.5 ,um in diameter. They are among the most abundant types of structures observed within the periplasm. In different phases of the cellularization process, these vesicles occupy 'from 5% to nearly 20% of specific regions of the periplasmic volume (Table 1) .
Just prior to the onset of cellularization, after mitotic cycle 13, the spherical'nuclei are present in the periplasmic space, and the yolk granules have been removed from this space into .  1A ). We recognize three consecutive phases in the subsequent cellularization process. In phase I, the transparent vesicles in the periplasmic space (Fig. 1A) are concentrated and aligned within the spaces between the nuclei (Figs. 1B and 2B ) for a distance of about 7 ,um from the surface of the embryo into the interior. In the next half hour or so, in phase II, these aligned vesicles undergo concerted fusions with one another (Fig. 2D) , starting with vesicle fusions at the newly formed furrows in the membrane at the embryonic surface (Figs. 1 C and 2C) . Eventually, closely opposed continuous double membrane structures form ( Fig. 1 C and D; Fig. 2F ), terminating at their basal ends in a connecting furrow canal ( Fig. 1 C and D) , as has previously been reported (3) .
These events ofvesicle alignment and fusions in phases I and II generate only'about half or less of the plasma membrane required for complete cellularization. The forming membrane is continuous with the plasma membrane of the blastoderm but extends only part of the distance into the periplasmic space, and at this stage the nu'clei remain in direct contact with the syncytial cytoplasm. The vesicles that are depleted from the apical periplasm in phase I appear then to be replenished (Table 1; compare Fig. 1 Cwith Fig. 1B) . However, these apical vesicles are randomly distributed and have never been observed to line up or to undergo concerted fusions as in phases I and II. Although these apical vesicles subsequently largely decrease in number (Table 1; compare Fig. 1D with Fig. 1 C) , their fates are not directly observed. Their decrease in the Proc. NatL Acad ScL USA 92 (1995) Proc. Natl Acad Sci USA 92 (1995) 2203 apical periplasm is, however, followed by an increase in phase III in the number of similar randomly distributed vesicles in the basal periplasm (Fig. 1 D and E (Fig. 1E ) undergo fusion with one another to completely enclose each nucleus within a fully continuous single plasma membrane (Fig. 1F) . In this last stage, remnants of the double membranes that are not utilized in the formation of the final single membranes must be accounted for, but we have no direct observations of their fates.
Previous morphological studies (3) have suggested that membrane formation during cellularization occurs in two distinct steps with different rates. In the first and slower step, membrane invaginations between nuclei form, extending from the plasma membrane of the blastoderm about halfway (-10 ,um) to its final penetration. In the second and faster step, the rest of the process of membrane extension and nuclear encirclement occurs. In addition to such morphological evidence, genetic studies have shown that there are mutations which independently affect either the slow or fast steps of membrane formation, supporting the idea that two different mechanisms operate in the two steps (1) . Our observations are consistent with this idea. The first step of membrane formation (our phases I and II) is associated with the lining up of the vesicles between the nuclei extending part way into the periplasm, followed by their concerted fusions. The second step of membrane formation (our phase III) appears to involve only repeated single fusion events at the furrow canal. In fact, since the compositions of the vesicles are unknown, it is conceivable that, despite their similar appearance, the vesicles used in the first and second steps are different. The vesicles used in the first step (phases I and II) presumably were the same or closely similar to the vesicles already seen in large numbers (Table 1) in the periplasmic space in earlier stages of blastoderm development (Fig. 1A) , prior to nuclear migration to the periphery. This suggests that these vesicles are the products of maternal gene transcription. On the other hand, the vesicles used in the second step of membrane formation (phase III) might originate only after zygotic gene transcription has been turned on (see ref. 1). Therefore, even if the sets of vesicles used in the first and second steps are both Golgi-derived (see below), they might nevertheless be different in composition. Such differences could account for the different mechanisms of membrane formation in the two steps.
Any proposed mechanism of membrane formation during cellularization must account at least qualitatively for the amount of membrane needed. If we assume that each of the cells in the newly created cellular blastoderm is a cylinder of 4.5-,tm diameter and 20-,um length, the top surface of which is supplied by the already formed plasma membrane of the embryo, the ratio of new membrane area required to that of the original plasma membrane of the blastoderm is about 17. If we take 0.2 ,um as the average diameter of the transparent vesicles, a total of about 2200 vesicles would be required per cell to provide this new membrane area. In specimen sections of about 0.1-,um thickness used in the electron microscope, this would come to a total of about 50 vesicles per cell per section over the entire process of cellularization. Visual inspection of Fig. 1 B-E indicates that the number of vesicles present in the periplasmic space in each phase of membrane formation is certainly sufficient to provide the necessary total membrane mass. Indeed, no membranous structures other than the vesicles are present in quantities that might alternatively provide the membrane required.
In previous morphological studies (3, 10) , multiple villous projections were observed on the surface of the blastoderm prior to and throughout the first, slow step of cellularization but were no longer seen after the second, fast step. It was suggested that the flattening out of these villous projections interiorized the membrane mass required for the fast step. However, in our transmission electron micrographs (Fig. 1  A-D; Fig. 2A, C , and E) we never observed villous projections at the blastoderm surfaces at any stage. It is possible that the villous projections may have been artifacts of the fixation procedures used in the earlier studies.
A question posed by our results and conclusions is, where do the transparent vesicles originate that we propose are used for cellularization? In most ordinary cells, new plasma membrane mass arises by fusion of vesicles derived from the Golgi apparatus with already existing plasma membrane. Of great interest, therefore, is the recent demonstration (11) at the light microscopic level of resolution that punctate structures that are immunofluorescently labeled for the Golgi-associated protein p3-COP are located in the periplasm of the Drosophila syncytial blastoderm exactly where the transparent vesicles that we have observed at the much higher resolution of the electron microscope are located, even to the extent of their apparent internuclear linear arrangement (figure 3E in ref. 11) during the first phase of cellularization. It would make sense if indeed the transparent vesicles that we have observed in our studies to be plasma membrane precursors were derived from the Golgi apparatus and were then translocated (2) via cytoskeletal-mediated transport to the periplasm of the blastoderm and subsequently lined up in the internuclear spaces. Immunofluorescence and immunoelectron microscopic studies should help to characterize the composition of the transparent vesicles relative to that of.the Golgi apparatus and of the forming membranes, as well as the possible relationships of cytoskeletal elements to the vesicles and their redistributions.
